Recently, we showed that Mp1p is an important virulence factor of Talaromyces marneffei, a dimorphic fungus phylogenetically closely related to Aspergillus fumigatus. In this study, we investigated the virulence properties of the four Mp1p homologues (Afmp1p, Afmp2p, Afmp3p, and Afmp4p) in A. fumigatus using a mouse model. All mice died 7 days after challenge with wild-type A. fumigatus QC5096, AFMP1 knockdown mutant, AFMP2 knockdown mutant and AFMP3 knockdown mutant and 28 days after challenge with AFMP4 knockdown mutant (P<.0001). Only 11% of mice died 30 days after challenge with AFMP1-4 knockdown mutant (P<.0001). For mice challenge with AFMP1-4 knockdown mutant, lower abundance of fungal elements was observed in brains, kidneys, and spleens compared to mice challenge with QC5096 at day 4 post-infection. Fungal counts in brains of mice challenge with QC5096 or AFMP4 knockdown mutant were significantly higher than those challenge with AFMP1-4 knockdown mutant (P<.01 and P<.05). Fungal counts in kidneys of mice challenge with QC5096 or AFMP4 knockdown mutant were significantly higher than those challenge with AFMP1-4 knockdown mutant (P<.001 and P<.001) and those of mice challenge with QC5096 were significantly higher than those challenge with AFMP4 knockdown mutant (P<.05). There is no difference among the survival rates of wild-type A. fumigatus, AFMP4 knockdown mutant and 
Introduction
In recent years infections related to Aspergillus species have become an emerging focus of clinical microbiology and infectious disease as the number of patients infected with Aspergillus species rose dramatically. In immunocompetent and mildly immunocompromised hosts, Aspergillus species rarely cause serious illnesses, except for pulmonary aspergilloma in patients with preexisting chronic lung diseases and, less commonly, chronic cavitary pulmonary aspergillosis, chronic fibrosing aspergillosis and chronic necrotizing aspergillosis. [1] [2] [3] [4] [5] On the other hand, invasive aspergillosis is one of the most important causes of morbidity and mortality in immunocompromised patients, such as those with hematological malignancies undergoing chemotherapy, hematopoietic stem cell and solid organ transplantation, and human immunodeficiency virus (HIV) infection. 5, 6 Among the known Aspergillus species, Aspergillus fumigatus is the most common species causing human infections. Mp1p, a cell surface and secretory protein of Talaromyces (Penicillium) marneffei, a thermal dimorphic fungus endemic in Southeast Asia and phylogenetically closely related to A. fumigatus, 7, 8 has recently been shown to be a dominant virulence factor of T. marneffei. 9 We previously have shown that two homologues of Mp1p, named Afmp1p and Afmp2p, exist in A. fumigatus. 1, 4 Similar to Mp1p, Afmp1p and Afmp2p are also immunogenic proteins in A. fumigatus 1, 4 . We hypothesize that Afmp1p, Afmp2p, as well as their homologues are virulence factors of A. fumigatus. In this article, we demonstrated that Afmp1p, Afmp2p, as well as two other homologues (Afmp3p and Afmp4p) are virulence factors of A. fumigatus. The relative importance of their contribution to virulence in relation to other virulence factors in A. fumigatus is discussed.
Methods

Ethics statement
The experimental protocols were approved by the Committee on the Use of Live Animals in Teaching and Research, The University of Hong Kong, in accordance with the Guidelines laid down by the National Institutes of Health (NIH) in the United States regarding the care and use of animals for experimental procedures.
Strains
All fungal strains used were summarized in Table 1 . A. fumigatus QC5096 and its derivatives were grown on Sabouraud dextrose agar (SDA). Knockdown of Mp1p homologues in A. fumigatus DNA extraction and plasmid construction were performed as we previously described. 7, 16 Expression vector pSilent-1, which can express the short hairpin RNAs (shRNA) against target gene, was used to construct pKD-AFMP1, pKD-AFMP2, pKD-AFMP3, pKD-AFMP4, and pKD-AFMP1-4 for MP1 homologues knockdown. First, the internal gene fragments (sense) were amplified using primers in Table 2 (Invitrogen, Carlsbad, CA, USA). Furthermore, the internal gene fragment for pKD-AFMP1-4 containing fusion products of AFMP1 to AFMP4 was amplified using fusion polymerase chain reaction (PCR for 10 min (Applied Biosystem). The PCR product was purified using the QIAquick Gel Extraction kit (Qiagen, Hilden, Germany), digested with XhoI and HindIII, and cloned into the XhoI-HindIII site of the pSilent-1 plasmid, resulting in pKD-AFMP1-1, pKD-AFMP2-1, pKD-AFMP3-1, pKD-AFMP4-1 and pKD-AFMP1-4-1. Second, the internal gene fragments (antisense) were amplified with primers in Table 2 (Invitrogen), using the PCR conditions described above. Amplified fragments were purified as described above, digested with BglII and KpnI, and cloned into the BglII-KpnI sites of pKD-AFMP1-1, pKD-AFMP2-1, pKD-AFMP3-1, pKD-AFMP4-1 and pKD-AFMP1-4-1 respectively, resulting in pKD-AFMP1, pKD-AFMP2, pKD-AFMP3, pKD-AFMP4 and pKD-AFMP1-4. The generated knockdown plasmids were linearized and transformed to QC5096. Transformation of A. fumigatus conidia were achieved by electroporation according to published protocol. 17 A. fumigatus conidia were harvested from a two-day-old A. fumigatus cultured on SDA and inoculated to yeast glucose (YG) medium (0.5% yeast extract, 2% glucose) with 1 × 10 7 conidia per ml. Inoculated YG broth was incubated in a gyratory shaker at 37
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• C 300 rpm for 4 hours. Swollen conidia were harvested from the YG broth by centrifugation at 2500 rpm for 5 minutes and resuspended in yeast extract glucose (YED) broth (1% yeast extract, 1% glucose, 20 mM HEPES, pH 8.0) at a density of 1 × 10 8 spores per ml. The YED broth was incubated in a gyratory shaker at 30
• C 150 rpm for 1 hour. Conidia were harvested from the YED broth by centrifugation at 4000 rpm for 5 minutes and resuspended in ice-cold electroporation buffer (10 mM Tris-HCl, 270 mM sucrose, 1 mM Li-acetate, pH 7.5) at 1 × 10 9 conidia per ml and kept on ice. In sum, 50 ml of conidial suspension were then mixed with 10 μl of 1 μg linearized plasmid and kept on ice for 15 minutes. The electroporation was carried out by transferring the conidial suspension to a 0.2 cm electroporation cuvette and pulsed with MicroPulser Electroporator (Bio-Rad, California, USA) at 1 kV, 400 Ohms and 25 μF. After electroporation, 1 ml of ice-cold YED broth was added to the conidial suspension and kept on ice for 15 minutes. After 15 minutes, the tube was incubated in a gyratory shaker at 30
• C 200 rpm for 90 minutes. Conidial suspension was plated on a 75 ml SDA plate supplemented with 80 μg/ml hygromycin B and incubated for 36 to 48 hours for selecting the knockdown strains. The RNA of the respective transformants were extracted, reverse transcribed, and checked by real-time quantitative RT-PCR (qRT-PCR).
The relative gene expression levels of each knockdown mutants compared to QC5096 were calculated using 2 − CT method. 18 
qRT-PCR
Total RNA was extracted using RiboPure-Yeast (Ambion, Austin, TX, USA). RNA was eluted in 70 μl of RNase-free water and was used as the template for real-time qRT-PCR.
Reverse transcription was performed using the SuperScript III kit (Invitrogen). Real-time qRT-PCR was performed as we described previously, 19 with primers in Table 2 , using Five additional mice from the three groups challenge with QC5096, AFMP4 knockdown mutant or AFMP1-4 knockdown mutant were killed on day 4. Half of the organs from each sacrificed mouse were homogenized in 1 × phosphate-buffered saline (PBS) for colony counts, and the other halves fixed in 10% neutral buffered formalin and embedded in paraffin. Paraffin-embedded sections were Periodic acid-Schiff stained. All experiments were performed in triplicate.
Intracellular survival of A. fumigatus in macrophages
Murine macrophage-like cell line J774 (ATCC no. TIB-67) was maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, Langley, OK, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) in 5% CO 2 at 37
• C in 75 cm spores/well (multiplicity of infection of 2) and incubated at 37
• C in 5% CO 2 incubator for 2 hours for phagocytosis. After phagocytosis, cell monolayers were washed sequentially with 240 U/ml nystatin (Sigma) and warm PBS to remove non-phagocytized conidia and maintained in DMEM supplemented with 1 μg/ml of lipopolysaccharides from E. coli serotype O111:B4 (Sigma) and further incubated for 24 hours. J774 cells were harvested and lysed with 1% (w/v) Triton X-100 (Sigma) for colony forming unit (CFU) count at 2 hours, 8 hours, 16 hours and 24 hours post-inoculation. Macrophages lysed with 1% Triton X100 which consisted of the phagocytized conidia were plated in serial dilutions in duplicate in SDA and incubated for 1 day at 37
• C. The results were expressed as mean CFU ± standard deviations from three different experiments.
Statistical analyses
Means between groups were compared with Student's ttest. Survival of mice was tested by Kaplan-Meier method and Log-rank test.
Results
A. fumigatus possesses four Mp1p homologues
Using TBLASTN searches with Mp1p of T. marneffei, Afmp1p and Afmp2p of A. fumigatus and Aflmp1p of A. flavus as query, we observed one additional ORF in the A. fumigatus genome (NZ_AAHF00000000) encoding a putative Mp1p homologue (Afmp3p); and using Afmp3p as the query, another additional ORF in the A. fumigatus genome (NZ AAHF00000000) (Afmp4p) was further observed. Afmp1p, Afmp2p, Afmp3p, and Afmp4p each possess one lipid binding domain (LBD) (Fig. 1A) . Despite the variation in protein size (177 to 511 amino acids), the lengths of the LBDs of Afmp1p, Afmp2p, Afmp3p, and Afmp4p are similar (121 to 132 amino acids) ( Table 3 ). Similar to T. marneffei Mp1p, Afmp1p, Afmp2p, Afmp3p, and Afmp4p also contain putative signal peptides for secretion to the extracellular environment. Afmp1p and Afmp2p contain putative O-glycosylation sites and glycosylphosphatidylinositol anchors, whereas Afmp3p contains putative N-glycosylation sites (Table 3) . Phylogenetically, the LBDs of Afmp1p, Afmp2p, Afmp3p, and Afmp4p were genetically diverse. On the other hand, they were individually more closely related to the LBDs of other Aspergillus species (Fig. 1B) . RT-PCR showed that AFMP1, AFMP2, AFMP3, and AFMP4 were all expressed in broth cultures of A. fumigatus (Fig. 1C) . survival. All the mice died 7 days after intravenous challenge with wild-type A. fumigatus QC5096, AFMP1 knockdown mutant, AFMP2 knockdown mutant and AFMP3 knockdown mutant and 28 days after intravenous challenge with AFMP4 knockdown mutant (P < .0001) ( Fig. 2A) . Only 11% of the mice died 30 days after intravenous challenge with AFMP1-4 knockdown mutant (P < .0001). Abundant fungal elements were observed in histological sections of the brains, kidneys and spleens of mice challenge with QC5096 at day 4 post-infection (Fig. 2B) . For mice challenge with AFMP4 knockdown mutant, a lower abundance of fungal elements was observed in histological sections of the brains as compared to mice challenge with QC5096 (Fig. 2B) . For mice challenge with AFMP1-4 knockdown mutant, a lower abundance of fungal elements were observed in histological sections of the brains, kidneys, and spleens as compared to mice challenge with QC5096 (Fig. 2B) . The fungal counts in the brains of mice challenge with QC5096 or AFMP4 knockdown mutant were significantly higher than those challenge with AFMP1-4 knockdown mutant (P < .01 and P < .05) (Fig. 2C) . The fungal counts in the kidneys of mice challenge with QC5096 or AFMP4 knockdown mutant were significantly higher than those challenge with AFMP1-4 knockdown mutant (P < .001 and P < .001) and those of mice challenge with QC5096 were significantly higher than those challenge with AFMP4 knockdown mutant (P < .05) (Fig. 2C) .
Intracellular survival of A. fumigatus MP1 knockdown mutants in macrophages
Since the virulence property of Mp1p was mediated through improving the survival of T. marneffei in macrophages, we examined whether the Mp1p homologues in A. fumigatus can improve the intracellular survival of A. fumigatus in murine macrophages, by measuring the survival of QC5096, AFMP4 knockdown mutant and AFMP1-4 knockdown mutant in murine macrophages. After 16 hours post-inoculation, the survival rate of QC5096, AFMP4 knockdown mutant and AFMP1-4 knockdown mutant dropped to 11.74%, 12.15%, and 17.13%, respectively (Fig. 3) . However, there was no difference among the survival rates of wild-type A. fumigatus, AFMP4 knockdown mutant and AFMP1-4 knockdown mutant, suggesting that Mp1p homologues in A. fumigatus do not mediate its virulence via improving its survival in macrophage as in the case in T. marneffei.
Discussion
The four mannoproteins Afmp1p, Afmp2p, Afmp3p, and Afmp4p in combination are important virulence factors of A. fumigatus, with Afmp4p being the most important. Recently, we showed that Mp1p, on its own, is a dominant virulence factor of T. marneffei, a pathogenic thermal dimorphic fungus phylogenetically closely related to A. fumigatus. 9 In T. marneffei, including Mp1p, there are a total of 14 Mp1p homologues. In our previous study, we demonstrated that when MP1 was deleted, all mice challenge with the T. marneffei MP1 deletion mutant survived. This implied that the virulence property of Mp1p cannot be substituted by any of the 13 homologues of Mp1p. 9 As for A.
fumigatus, there are a total of four Mp1p homologues in its genome (Table 3 and Fig. 1A ). These four Mp1p homologues in A. fumigatus are phylogenetically more diverse than the 14 Mp1p homologues in T. marneffei (Fig. 1B) . In the present study, we showed that only a minor improvement in survival was observed when AFMP4 was knocked down and there was no improvement in survival when AFMP1, AFMP2, or AFMP3 were knocked down ( Fig. 2A) . Interestingly, when AFMP1, AFMP2, AFMP3, and AFMP4 were all knocked down, almost all mice survived ( Fig. 2A) . This implies that the virulence functions of one or more of these four mannoproteins could probably be replaced by their homologues, even if one or more of the genes encoding these mannoproteins were deleted. Further experiments can be performed to delineate whether that is any compensation among the proteins at the transcriptional or translational level, as well as the specific amino acid(s) of the proteins that are critical for the virulence properties. Similar to our previous study on T. marneffei, improvement on survival of mice were paralleled with a decrease in fungal counts and invasion in various organs of the animals ( Fig. 2B and 2C) . Specifically, the A. fumigatus counts in the kidney, lung and brain of mice challenge with AFMP1-4 knockdown mutant were significantly lower than those challenged with wild type A. fumigatus (Fig. 2C ). All these support that death of the mice was due to invasive infections by the corresponding fungi. The virulence mechanism of these four mannoproteins in A. fumigatus remains to be determined. In the literature, although more than 20 genes have been shown to be related to virulence in A. fumigatus in various kinds of mouse models using knockout/knockdown mutants, knocking out/down of cgrA, gel2, pig-a, cnaA, gpaB, pkaC1, and crzA were associated with impaired growth or conidiation of the fungus, and therefore cannot be regarded as true virulence factors. [22] [23] [24] [25] [26] [27] [28] Among the other genes that encode virulence factors, the most important ones are SitA, PtcB, SidA, SidD, HapX, ZafA, SrbA, DscA, DscC, and RhdA. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] When the corresponding genes were knocked out/down, ≥85% of mice challenge with the knockout/knockdown mutants survived. SitA and PtcB are protein phosphatases that affect fungal cell wall composition through the cell wall integrity and high osmolarity glycerol response pathways, respectively. 29, 30 SidA, SidD, and HapX are required for the production of siderophores which are essential for A. fumigatus to acquire iron inside the host. [31] [32] [33] ZafA is a zinc-responsive transcriptional activator that regulates zinc homeostasis during infection. 34 SrbA, DscA, DscC, and
RbdA are involved in the adaptation to hypoxia environment. srbA encodes a sterol regulatory element binding protein (SREBP) which mediates the regulation of iron acquisition in response to hypoxia, dscA and dscC encode components of the Golgi E3 ligase complex and are critical for SREBP activation by proteolytic cleavage; rbdA encodes a putative rhomboid type protease essential for SrbAdependent hypoxia growth and is likely linked to SrbA cleavage and activation. [35] [36] [37] [38] In this study, there was no impairment of growth or conidiation of the fungus when AFMP1, AFMP2, AFMP3, and AFMP4 were knocked down, while 90% of the mice challenge with AFMP1-4 knockdown mutant survived, indicating that these four genes are true virulence factors of A. fumigatus. In T. marneffei, wild-type PM1 survived significantly better than MP1 knockout mutant in macrophages, suggesting that Mp1p helps T. marneffei to evade killing by macrophages, the most important cells for defense against T. marneffei infections. 39 On the other hand, no difference in survival in macrophages was observed between wild type A. fumigatus QC5096 and AFMP1-4 knockdown in the present study (Fig. 3) . Furthermore, electron microscopic studies showed that there was no detectable difference between the microscopic appearance of wild type A. fumigatus QC5096 and AFMP1-4 knockdown mutant (data not shown), indicating that the cell wall integrity of the fungus was probably not affected. For Mp1p, we have shown that its binding to palmitic acid and arachidonic acid may be related to virulence. 40 Similarly, Afmp1p, Afmp2p, Afmp3p, and Afmp4p may also bind to palmitic acid and/or arachidonic acid, but the association between binding and virulence should be validated by site-directed mutagenesis experiments. The virulence properties of Afmp1p, Afmp2p, Afmp3p, and Afmp4p in A. fumigatus and Mp1p in T. marneffei may also be present in other Mp1p homologues in other Aspergillus species. Invasive aspergillosis and other aspergillus-associated infections are not only caused by A. fumigatus, but other Aspergillus species. Recently, through sequencing of the internal transcribed spacer and other conserved regions, we and others have found that many other "nonpathogenic" Aspergillus species are also associated with clinical infections. [41] [42] [43] [44] For example, around 25% of the Aspergillus isolates reported as "A. flavus" in our clinical microbiology laboratory were in fact A. nomius or A. tamarii. 42 In the present study, phylogenetic analysis has shown that Mp1p homologues are present in other well-known pathogenic Aspergillus species, such as A. flavus, A. terreus, and A. niger (Fig. 1B) . Since the lipid binding domains of these proteins in the corresponding Aspergillus species are homologous to Mp1p, Afmp1p, Afmp2p, Afmp3p, and Afmp4p, we speculate that they may also help the corresponding Aspergillus species to evade host immunity. Further studies will reveal the contribution to virulence for these homologues in the other Aspergillus species.
